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ASA's Juno spacecraft, the second of the New Frontiers class of medium-sized US missions, has now been orbiting the gas giant Jupiter for two years, providing unprecedented close-up views of the dynamic and everchanging atmo sphere. Juno was designed to solve mysteries that were beyond the reach of previous missions, and that can only be investigated by an orbiting spacecraft. Juno can (i) probe below the veil of clouds that we see from Earth to understand the deep atmosphere and the interior structure, and search for evidence of a core; and (ii) directly sample Jupiter's magnetospheric environment and observe its interaction with the atmosphere via the auroras.
The solar-powered spacecraft arrived at Jupiter in July 2016, after a five-year interplanetary cruise, and has settled into a 53-day polar orbit, bringing the spinning spacecraft in high over the north pole, screaming past the equator some 4000 km above the cloud tops, then exiting high over the south pole (figure 1). These close encounters, known as perijoves, last only a few hours, but provide exquisite high-resolution views of the swirling clouds and polar atmosphere. However, Jupiter's belts, zones, storms and vortices can evolve considerably between successive perijoves, and Juno is so close to the giant world that it is only able to view small regions from horizon to horizon. Furthermore, Juno's sophisticated instruments still don't cover the full range of wavelengths essential for understanding the jovian atmosphere. To solve these issues, the Juno team has coordinated an international campaign of Earth-based observations, both amateur and professional, to provide spatial, temporal and spectral context to Juno's discoveries. This was the reason for the Europlanet-funded meeting, which was held in London on 10-11 May 2018. London meeting, hosted by the Royal Astronomical Society in its premises at Burlington House (and on the second day in the rooms of the Linnean Society), was a sequel to the Nice workshop, bringing together members of the Juno team, professional planetary astronomers, amateur observers and citizen scientists specializing in image processing.
Europlanet workshop
More than 50 participants (33 amateurs and 17 professionals, including three senior Juno team members from the USA) attended the meeting, which brought together Jupiter observers from the UK, Spain, USA, Austria, France, Portugal, Germany, the Netherlands, Romania, Italy, Sweden, Greece, Malta, the Philippines, South Africa, Australia and Japan. The workshop was principally funded by the Europlanet 2020 Research Infrastructure, with a contribution from the European Research Council, while the RAS provided the venues and staff support. The workshop provided a mix of professional talks on Juno science and amateur talks on image acquisition, processing and analysis. Slides from these talks are available online, along with a Europlanet press release about the meeting and short interviews with some of the participants. The meeting was discussed on social media using the #RASJuno hashtag, and was also featured in an episode of the BBC's Sky at Night, broadcast in June 2018. Participants also had the opportunity to
Pro-am collaborations improve views of Jupiter
Leigh N Fletcher and John H Rogers review collaborations between professionals and amateurs during and beyond the NASA Juno mission, as discussed at New Views of Jupiter, a Europlanet workshop held in May.
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view historic drawings and notebooks of Jupiter by famous observers of the 19th and early 20th century from the archives of the RAS and the BAA, displayed in the RAS Library. Many were also able to take a guided tour of the Royal Society premises at Carlton House Terrace, viewing precious archives including original hand-written reports by Christian Huygens and William Herschel, and the death mask of Sir Isaac Newton.
The workshop was subdivided into four themes over two days: the science of Juno, amateur imaging and data analysis, monitoring of atmospheric changes, and future directions. These are all described below.
Juno's scientific discoveries
The first morning was devoted to reviews of the results from Juno's experiments so far, given by leading Juno scientists and their collaborators. Scott Bolton (Southwest Research Inst., Texas, USA), the principal investigator of the Juno mission, described the primary mission goals to investigate mysteries of Jupiter's interior, atmosphere and magnetosphere. The mission seeks to understand Jupiter's origins, particularly whether it possesses a core of heavy elements, and whether water (a key carrier of heavy elements to the giant planets as they formed) is enriched deep below the clouds. To address these questions, Juno carries a suite of magnetic field and plasma science instruments, remote sensing instruments in the ultraviolet (UVS), visible (JunoCam), near-infrared (JIRAM) and microwave range (MWR), and a gravity science experiment to determine the properties of the deep interior. All of the experiments are producing superb results, providing important -and sometimes unexpected -answers to the questions they were designed to address. Indeed, a general theme of the morning was that Jupiter is turning out to be more complex than our previous investigations had revealed, and asymmetric between the northern and southern hemispheres.
The Microwave Radiometer is a new type of instrument, able to probe deep into the meteorological layers below the clouds, reaching hundreds of bars of pressure. Bolton described how it has revealed that the belt zone structures observed at cloud-tops are just the tip of the iceberg, with unexpectedly complex circulation patterns redistributing ammonia gas at depth: a powerful deep column of rising gas enriches ammonia (a key condensing species in Jupiter's troposphere) at the equator, but strong depletion is observed under the neighbouring belts to levels far deeper than expected. In July 2017, Juno flew directly over the Great Red Spot, at some 9000 km above the visible clouds, and discovered that the gigantic vortex extends deep into the troposphere (figure 3). The microwave instrument has also turned out to be an excellent lightning detector, indicating that lightning strikes appear to be concentrated in the northern hemisphere.
Among Juno's main goals are the high-resolution mapping of Jupiter's gravitational and magnetic fields, and the first remarkable results have been published recently. Tristan Guillot (Observatoire de Nice, France) explained the gravitational results, acquired by precise tracking of the gravitational perturbations on the spacecraft as it flies close to Jupiter. The measurements to date indicate that Jupiter has a diffuse, partially dissolved core, rather than a discrete boundary between the hydrogen-helium envelope and a dense rocky core. It is still plausible that a small compact core exists within this diffuse core region, but Juno needs to complete its gravity field mapping to improve precision. In addition, the gravity measurements have solved another long-standing mystery: the differential east-west motions of the major jet streams that we see at Jupiter's cloud tops extend deep down, to a depth of about 3000 km, but no further. Below that, the bulk of Jupiter appears to be rotating as a rigid body. This agrees well with recent theoretical models, "Jupiter is more complex than previous investigations had revealed" according to which the rapid differential motions should not extend much deeper because the fluid interior becomes electrically conducting and therefore coupled to the planet's magnetic field.
Asymmetries have been identified in Jupiter's magnetic field, which arises from a dynamo mechanism with much slower but large-scale convection stirring the conducting metallic hydrogen (thereby generating currents) in the deep fluid interior, as described by Chris Jones (University of Leeds). This electrically conducting region is likely to be within the portion of Jupiter rotating as a solid body, as described above. Juno is now mapping the effects of this "dynamo" through measurements of the magnetic field near the surface of the planet. More distant spacecraft observations had indicated a tilted magnetic dipole (10° off the rotation axis) not unlike that of Earth, but Juno has shown that it is more complex than that, with an irregular girdle of magnetic patches around the northern mid-latitudes rather than a single north magnetic pole, and a "Great Blue Spot" of southward magnetic field residing near the equator.
Juno's findings have led to the development of a new magnetic field model to explain these complexities. Bolton described how the magnetic field has a direct influence on the planet via the intense and dynamic auroras, which have been observed regularly in the ultraviolet and infrared -the former revealing that polar aurora within the main oval can shut off at night, and the latter revealing unexpected spatial variability in the satellite footprints and their tails observable in the aurora.
The infrared auroral observations are provided by the Jupiter Infrared Auroral Mapper (JIRAM), as described by Alessandro Mura (JIRAM team, Italy), in a talk beautifully illustrated with spectacularly detailed maps and animations. Most work has been done on the polar regions at wavelengths of 3.3-3.6 µm (showing emission from the H 3 + ion in the auroras) and 4.5-5.0 µm (showing the clouds silhouetted against the planet's thermal emission), but JIRAM has also been providing 2-5 µm spectroscopy of the jovian atmosphere to assess conditions within its clouds and has been able to observe briefly the Galilean satellites. Some of the most spectacular infrared results have come from the polar regions, revealing a polygonal crown of circumpolar cyclones at both poles, in an octagonal arrangement in the north (figure 4) and a pentagonal arrangement in the south (figure 5). These are substantially different from the hexagonal wave and singular polar cyclone observed at Saturn's north pole and have yet to be explained via dynamical modelling. The rotation and longevity of these cyclones have been studied in partnership between JIRAM and Juno's visible-light camera, JunoCam.
Imaging with JunoCam
JunoCam, described by the team leader Candy Hansen (Planetary Science Institute, Arizona, USA), was conceived as a platform for engaging the wider public in Juno's scientific discoveries; it has played a crucial role in keeping Juno in the public eye. Built by Malin Space Science Systems (MSSS) with four filters (red, green, blue and a longer-wavelength channel for looking at reflections from high-altitude aerosols), JunoCam has revealed wonders: the tiny convective clouds embedded within the coloured bands (figure 6), vast turbulent eddies and vortices, and the transition from the organized, banded structure of Jupiter's low latitudes to the chaotic regime of the poles, with its enormous cyclones. JunoCam has been engaging the public through its website via several routes. Amateur images of Jupiter, many acquired by participants in the workshop, were uploaded to the Juno website and used to generate predictive maps of the features that could exist beneath Juno's perijove track. The public was then asked to name and vote for features of interest that could potentially be imaged by JunoCam, with the vote closing shortly before each perijove. MSSS generated the image commands based partly on these votes, then the commands were uplinked to Juno by the Jet Propulsion Laboratory (JPL). Public voting was suspended in 2017 as Juno's viewing geometry became more complex, but is likely to start again in the coming years as Juno's orbit evolves. Images are downlinked to Earth and quickly placed on Juno's website, accessible worldwide for processing and sharing. To the relief of the small JunoCam team, several citizen scientists -notably Gerald Eichstädt -rose to the challenge of processing these images. The results have been spectacular. The processed images have been used by many other citizen scientists to generate exquisite images of Jupiter, along with movies and various forms of art. The Juno team members repeatedly stressed their gratitude to the amateur observers and citizen scientists involved in this effort. "It's truly a collaboration," declared Bolton, warmly, at the meeting. "You are definitely part of the Juno team."
Early in the mission, amateur processing of these images into brief time-lapse movies surprised the team by showing motions within the vortices, such that time-lapse observations became a staple part of the imaging plan during later perijoves. Gerald Eichstädt (Germany), who performs high-quality processing and mapping of the JunoCam images as soon as they're available, was central to this effort. He presented some of the details of his data processing pipeline, and revealed new techniques for automatic alignment of map-projected JunoCam images taken minutes apart. He used these to obtain wind fields, and then to display these as exaggerated animations of the atmospheric flows, revealing subtle motions that would be challenging to observe otherwise (figure 2).
Reprojected and enhanced JunoCam images, although originally intended solely for public engagement, have led to numerous discoveries with the citizen scientists as coauthors. The aforementioned polygonal patterns of circumpolar cyclones are a good example. Agustin Sanchez-Lavega (Universidad del Pais Vasco, Bilbao, Spain) described a detailed investigation of Jupiter's Great Red Spot acquired during the July 2017 perijove. The data were used to measure the winds around the periphery, identify compact convective clouds (potentially ammonia moist convection) and mesoscale waves (~75 km wavelength) in the northern regions of the vortex, and a chain of smaller anticyclonic eddies within the larger anticyclone. These surrounded the deep red heart of the spot, which had been shown previously to be warmer than the surroundings and a location of weakly (clockwise) cyclonic flow.
The JunoCam data have been attracting attention beyond the scientists involved. Matt Brealey (UK) has been applying his experience in the visual effects industry to the Juno data, and is developing a system for displaying JunoCam's images in a 3D environment. Seán Doran (UK) has produced dazzling fly-by videos from Gerald Eichstädt's JunoCam images, and showed an exquisite seven-minute movie (with music) combining the best of his animations of all of Juno's fly-bys to date. Their efforts have captured the imagination of professionals and amateurs alike, allowing the whole world to explore the splendour of Jupiter's cloudscapes.
Amateur imaging and data analysis
The assembled participants had many years of experience in acquiring highquality planetary images, of Jupiter and many other solar system targets, and the audience was treated to several talks on data acquisition techniques and processing pipelines. Speakers focusing on imaging represented multiple locations around the globe, including Christopher Go (Philippines), Anthony Wesley (Australia), Clyde Foster (South Africa) and Silvia Kowollik (Germany). Although these locations differ in their seeing conditions (and their proximity to Earth's jet streams, which can significantly worsen imaging capabilities), these observers take care of the "little things", staying away from heat sources (air conditioning, chimneys, hot roads), and ensure that their surroundings and tele scope are sufficiently cooled many hours before starting observations. Planetary imagers typically use the "lucky-imaging" technique, using cameras to capture movies of the scene in their telescopes (ranging in size from 15 to 36 cm diameters), then combining only the sharpest frames to create the final image, discarding those that were blurred by the turbulence of our own atmosphere. The Sony IMX290 back-illuminated CMOS camera is currently favoured for its very high quantum efficiency, especially in the infrared with low noise characteristics. With the camera attached, the whole assembly is collimated with a bright star. The satellites Io or Europa can often be used to focus. Image capture often uses the FireCapture software, which allows the gain and exposure time to be set. Ultimately, the observers want to set the fastest frame rate possible, then acquire a few minutes of data in each filter, saved as a video file.
The video file then passes through various processing steps to produce the final images. WinJUPOS is a powerful tool for navigating the resulting images and producing maps, but it also allows for de-rotation of movie files -i.e. correcting for the planet's rotation during the time
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limits of the acquisition. The movies are then passed to either AutoStakkert (for which Emil Kraaikamp [Netherlands] described the latest developments), Registax or Ninox (described in a presentation by Anthony Wesley [Australia]), to order the individual frames in terms of image quality (e.g. sharpness), then align the best frames for stacking. Several tools are then available to sharpen the images (e.g. using wavelets), and there was much discussion of the appropriate balance between sharpening, noise reduction and avoidance of artefacts in the final images. As Go pointed out, "processing is an art form, everyone will have their own look".
The final images are then uploaded to several repositories: some people share them by social media, some send them straight to the Juno website, but all are encouraged to deposit their images on the PVOL (Planetary Virtual Observatory and Laboratory ) and ALPO-Japan (Association of Lunar and Planetary Observers of Japan) websites. Images can be submitted via email or web forms and are then uploaded by the site administrators, minimizing the demands on the observers themselves. Ricardo Hueso (Universidad del Pais Vasco, Bilbao, Spain) described the latest updates to the PVOL database, which was originally developed to serve as a database for the International Outer Planets Watch in the 1990s for the Galileo mission, and which now includes many tens of thousands of planetary images since 2005. Between 2000 and 3000 images of Jupiter are submitted to this repository each year.
This large-scale and readily searchable database is then used by amateurs and professionals alike to study the evolving jovian atmosphere. Michel Jacquesson (France) described how to use WinJU-POS software to assign latitudes and longitudes to planetary images for measurements of the positions of discrete features using a point-and-click method. The JUPOS team then produces detailed drift charts for features in the different belts and zones, showing how discrete features are formed, move and dissipate as a function of time and longitude. Marco Vedovato (Italy) described how he routinely uses WinJUPOS to generate maps of Jupiter every 10 days, which has proved useful for predicting the features that Juno observes during its close encounters. In addition, the drift charts can be used to measure the wind velocities, showing how these change over time.
The mapped images can be used to create movies of Jupiter's dynamic atmosphere, allowing us to watch the anticyclonic rotation of the Great Red Spot, or the eruption of new storm plumes. Peter Rosen (Sweden) had created the outstanding video Journey to Jupiter from amateur images in 2015, reprojecting the maps back onto a sphere so that they could be turned into an animation. Manos Kardasis (Greece) showed how longitude-averaged images, from stacking together multiple frames taken at different times, provide a convenient tool for precise measurements of the mean latitudes of the belts, both in colour and in the methane band. And John Sussenbach (Netherlands) described the use of a geographic information system, designed for analysing, correlating and displaying terrestrial data, to combine RGB and methane-band images of Jupiter into pseudo-3D displays.
The raw video files themselves have also proven to be extremely useful. Marc Delcroix (France) gave an update on the DeTeCt project to monitor fireballs on Jupiter, searching for brief flashes in the captured movies that might signify a bolide impact of some tens of metres in diameter. Since 2010, five such impacts have been detected; the detection score is two for Europe, two for Asia and one for the USA. There have been no new detections since May 2017, but these provide invaluable statistics for the frequency of impact events in the outer solar system, and monitoring continues. In all of the above cases (map production, fireball detection, position measurements), it was stressed that software developments that automate these processes would be extremely welcome -any new procedures should not increase the workloads expected of the observers, who are giving their time for free.
Finally, Jean-Luc Dauvergne (France), who is at the forefront of pro-am collaborations using the 1 m telescope at the Pic du Midi (France), described the next generation of "amateur" observations by detailing a promising new Compact Innovative Adaptive Optics (CIAO) system that is now being tested and developed on that telescope, with the aim of providing AO-corrected images at a fraction of the cost of AO on larger, professional facilities.
Jupiter's atmosphere now
The vast and expanding database of Jupiter visible-light imaging has proven to be an invaluable resource for scientists monitoring Jupiter, and Ricardo Hueso (Universidad del Pais Vasco, Bilbao, Spain) and Dr John Rogers (British Astronomical Association) gave complementary talks on the present state of the atmosphere. Jupiter's dark belts and bright zones are known to undergo irregular cycles of activity, collectively known as upheaval events. The most dramatic of these occur in the broad brown belts near the equator, the North Equatorial Belt (NEB) and South Equatorial Belt (SEB). The SEB can fade from brown to white over a period of months, the formation of a haze of white aerosols causing the belt "Images can be used to create movies of Jupiter's dynamic atmo sphere" to take on an unusually quiescent appearance that makes the Great Red Spot (GRS) stand out vividly. The belt recovers its brown colours (called a "revival") in response to spectacular convective outbreaks, clusters of thunderstorms where the resulting precipitation removes the overlying white aerosols. The last of these SEB fades and revivals took place in 2009-11, and it is hard to predict when the next might occur, but a smaller-scale convective outbreak did occur throughout 2017, the white plumes standing out next to the darker colours of the SEB.
The changes to the NEB are subtler and more regular, displaying a 3-5-year cycle whereby the dark colouration of the NEB will expand northwards, encroaching on the neighbouring zone, before contracting again and leaving behind a chain of cyclones and anticyclones on its northern edge. An NEB expansion cycle was also evident in 2017 and may be related to a prominent wave pattern that has appeared over the belt for the last two years. Where the wave rises, the air cools and aerosols condense. Where the wave descends, the air warms and the aerosols evaporate or sublimate. The resulting pattern is therefore readily visible in both the temperature field and the reflection from the aerosols. Today, the NEB is narrowing again and we may be awaiting a subsequent northward expansion.
The belts undergo cyclic changes at other latitudes, too. Substantial plumes erupted from the North Temperate Belt (NTB) near 25°N in October 2016, shortly after Juno's arrival. Consequently, the southern edge of the NTB has taken on a vivid red-orange appearance, a band that encompasses the whole globe (figure 7), but may be starting to fade in 2018. And in the South Temperate Belt (STB), Hueso and Rogers described structured longitudinal segments such as the STB Ghost, an elongated cyclonic circulation which showed a moist convective plume erupting in its interior that initiated a transition to a turbulent belt segment. The STB Ghost was captured in high resolution by JunoCam on its 8th and 10th perijoves (figure 8).
Particular attention, as ever, was focused on the Great Red Spot (GRS). Although the vortex has continued to shrink over the era of spacecraft observations, it shows no sign of abating. Kuniaki Horikawa (Japan) showed that discoveries can still be made by studying archival amateur images. The GRS undergoes a remarkably invariant 90-day oscillation in longitude, but there have been no visible consequences of this oscillation reported to date. From a survey of the images in the ALPO-Japan public database since the early 2000s, Horikawa showed that a bright "rift" or white spot just north of the GRS only appears in a certain phase of the 90-day oscillation. Amateur observers will continue to monitor these largescale changes and small-scale storm activity, providing context for Juno's perijove observations.
Future directions
NASA has recently approved a continuation of the Juno mission to complete 34 orbits of Jupiter, culminating with a fatal plunge into Jupiter's atmosphere at the end of the 35th orbit on 30 July 2021, unless NASA grants a further extension, which Juno's science team would welcome if the instruments remain in working order. The final session therefore dealt with future plans for the pro-am collaboration. Glenn Orton (NASA-JPL, California, USA), who is the coordinator of Juno-supporting projects by professional astronomers as well as the amateur community, summarized these wide-ranging programmes. Each of these provide the spatial, temporal and spectral coverage to support Juno's observations, with contributions from more than 60 separate observing groups. X-ray emission measured by the Chandra and XMM satellites has shown the pulsing emissions from the auroral regions. The auroras are also observed in the ultraviolet by Hubble and Hisaki, monitoring the ever-changing emission patterns. Ground-based observations span the visible, near-infrared, mid-infrared, millimetre and centimetre (radio) ranges, including large professional facilities in Hawaii (Subaru, Gemini, Keck and the Infrared Telescope Facility), Chile (Very Large Telescope, Atacama Large Milli metre Array), and the USA (the Very Large Array). Observations from a converted aeroplane, SOFIA, have also joined the investigation. These professional plans are coordinated online and, "NASA has approved a continuation of the Juno mission until July 2021"
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by leveraging the use of multiple diverse facilities, a rich variety of new scientific discoveries have been made possible.
Hansen then provided more details about how future orbits will relate to visible atmospheric features. Amateur tracking data have led to a change in strategy of observations so that on 12 February 2019 (perijove 18), Juno will have a good chance of another pass over the Great Red Spot. However, as Jupiter moves around the Sun, on most orbits the camera will no longer be able to point directly downwards at low latitudes, instead looking off to the side towards the illuminated edge of the disc. Inbound and outbound JunoCam images will be lacking, and the close-in geometry will be hard to interpret ("like looking at your hand in front of your nose"); Hansen stressed that support from amateur observers will be needed more than ever, particularly if they are to successfully target more passes over the Great Red Spot. JunoCam will always be able to view the poles, and the perijove location is creeping northwards, providing Juno with closer views of the high northern latitudes, wider views of the southern hemisphere, and perhaps opportunities to image the Galilean moons as Juno crosses their orbital plane.
Leigh Fletcher (University of Leicester, UK) then highlighted the scientific potential of mid-infrared spectroscopic mapping for Jupiter science, demonstrating that facilities such as the VLT, Gemini and the IRTF can now provide global maps of atmospheric temperatures, gaseous composition and cloud properties, something that had only previously been possible from space (e.g. the Galileo and Cassini missions). Such maps can provide the environmental conditions associated with the discrete phenomena (waves, storms, vortices) observed by Juno. Finally, he reviewed the future facilities available in the coming decade, which would also benefit from similar spatial, temporal and spectral support as the Juno mission. NASA's James Webb Space Telescope (JWST), now scheduled for launch in 2021, has already allocated guaranteed time to map Jupiter's Great Red Spot, Saturn's summertime pole, and the full atmospheres of the ice giants Uranus and Neptune in the mid-infrared. JWST will be able to view these targets at quadrature, so complementary visiblelight coverage of each of these targets would be highly desirable during the first year of operations. The first of a new generation of giant telescopes, such as the Extremely Large Telescope with its 40 m mirror under construction at the European Southern Observatory in Chile, should come online in the middle of the next decade, and will probe extremely fine spatial scales on all four of these worlds. And finally, ESA's Jupiter Icy Moons Explorer (JUICE) and NASA's Europa Clipper will be the next missions to the jovian system, arriving towards the end of the 2020s. JUICE is scheduled to orbit Jupiter from 2029 to 2033, before ending its mission as the first robotic orbiter of an icy moon, Ganymede. The lessons learned from the successful Juno support programme will be applied to all of these future projects.
Summary
The pro-am collaboration has succeeded in its aim during the first two years of operations: the Juno team has a wealth of supporting data, enhancing the scientific potential of the observations, while also widening the breadth of the science that can be accomplished during the Juno epoch. The London workshop (figure 9) was packed full of information and lively discussion, bringing together people with incredibly diverse goals but a shared passion for Jupiter science. For those that attended the Nice meeting in 2016, whose appetites were whet by the promise of future data, the incredible imagery and discoveries showcased in London were a delightful fulfilment of years of hard work. The workshop concluded with more dazzling movies created from the perijove images, leaving participants on an emotional high at seeing the sheer splendour of the cloudscapes on this distant world.
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